MicroRNAs (miRs) regulate a variety of cellular processes, and their impaired expression is involved in cancer. Silencing of tumorsuppressive miRs in cancer can occur through epigenetic modifications, including DNA methylation and histone deacetylation. We performed comparative miR profiling on cultured lung cancer cells before and after treatment with 5′aza-deoxycytidine plus Trichostatin A to reverse DNA methylation and histone deacetylation, respectively. Several tens of miRs were strongly induced by such 'epigenetic therapy'. Two representatives, miR-512-5p (miR-512) and miR-373, were selected for further analysis. Both miRs were secreted in exosomes. Re-expression of both miRs augmented cisplatin-induced apoptosis and inhibited cell migration; miR-512 also reduced cell proliferation. TEAD4 mRNA was confirmed as a direct target of miR-512; likewise, miR-373 was found to target RelA and PIK3CA mRNA directly. Our results imply that miR-512 and miR-373 exert cell-autonomous and non-autonomous tumor-suppressive effects in lung cancer cells, where their re-expression may benefit epigenetic cancer therapy.
Lung cancer is the leading cause of cancer-related deaths worldwide (American Cancer Society, Cancer Facts and Figures 2014). In contrast to several other types of cancers, there has been almost no improvement in the 5-year survival rates of lung cancer patients in the past years, and they remain about 16% (American Cancer Society, Cancer Facts and Figures 2014), partially because of acquired resistance to existing therapies. 1 Clinically, lung cancer is divided broadly into small cell lung cancer and non-small cell lung cancer, the latter comprising about 84% of all cases. 2 In recent years, the involvement of epigenetic processes, particularly those resulting in silencing of key regulatory genes, has been firmly established. 3 A major mechanism of epigenetic silencing involves DNA hypermethylation, particularly of CpG islands in the vicinity of gene promoters and enhancers. 4, 5 Histone deacetylases (HDACs) recruited to the methylated cytosines can create a closed chromatin state that is less accessible for transcription. 6 Compounds such as 5′aza-2′-deoxycytidine (5′aza) can reverse CpG island hypermethylation by inactivating DNA methyltransferases. 5′aza is often used in combination with HDAC inhibitors such as Trichostatin A (TSA), to induce the re-expression of epigenetically silenced genes. 7 MicroRNAs (miRs) are small noncoding RNAs that inhibit protein expression by posttranscriptional inhibition. They are fundamental regulators of diverse cellular processes, whose deregulation contributes to many human diseases including cancer. 8 Notably, miRs can play critical roles in cancer initiation and progression, and deregulated miR expression is frequently observed in human cancers. 9, 10 Changes in DNA methylation status have been implicated in cancer-associated miR deregulation. [11] [12] [13] As a single miR often inhibits numerous mRNAs within a defined biological pathway, understanding the epigenetic regulation of miRs in cancer might facilitate the development of new cancer therapies.
In the present study, we set out to identify miRs silenced in lung cancer cells by DNA hypermethylation in a manner that may contribute to resistance to cisplatin. We found that inhibition of epigenetic silencing caused upregulation of two miR clusters located on chromosome 19: the C19MC (ch19 miR cluster) and the miR-371-373 cluster, both associated with human embryonic stem cells. 14 We subsequently focused on one representative miR from each cluster: miR-512-5p (miR-512) and miR-373, respectively. We report that both miRs can exert negative effects on lung cancer cells, including induction of apoptosis and inhibition of cell migration. RelA and PIK3CA were identified as direct miR-373 targets and TEAD4 as a miR-512 target, whose downregulation may underpin some of the anti-tumoral effects of those miRs. Thus, epigenetic cancer therapy may operate partly via reactivation of silenced miRs.
Results
Genomewide erasure of DNA methylation in A549 lung cancer cells induces cell death and senescence. Changes in DNA methylation have been correlated with altered miR expression in cancer. 11, 12 To examine the effect of genomewide reversal of DNA hypermethylation and histone deacetylation on miR expression patterns, we treated A549 lung cancer cells for 72 h with a combination of 5′aza and TSA. Cisplatin was then added for an additional 48 h, at which time cells were harvested for FACS-based cell cycle analysis and miR microarray profiling. Cisplatin triggered apoptotic cell death (larger sub-G1 population), as well as prominent G 2 /M cell cycle arrest (Figure 1a ). 5′aza+TSA elicited a milder increase in both sub-G 1 and G 2 /M. Remarkably, combining 5′aza+TSA with cisplatin resulted in a substantial increase in apoptosis, while compromising the G 2 /M arrest. Hence, genomewide erasure of DNA methylation may facilitate the effective activation of cell death pathways in cancer cells exposed to genotoxic chemotherapy, or increase the fraction of responsive cells. Intriguingly, depletion of the p53 tumor suppressor did not affect significantly the outcome of the epigenetic treatment (data not shown).
The ability of cells to migrate is a prerequisite for cancer invasion and metastasis. 15 To assess the impact of epigenetic treatment on cell migration, A549 cells were treated with 5′aza +TSA and monitored for 25 h in a Real Time Cell Analyzer system. As seen in Figure 1b , this treatment had a pronounced inhibitory effect on cell migration, suggesting a possible mechanism of anticancer activity.
Cellular senescence can act as a tumor inhibitory mechanism. 16, 17 To assess whether epigenetic treatment affects cellular senescence, A549 cells were subjected to three 96 h cycles of 5′aza+TSA treatment and stained for senescence-associated beta galactosidase, a commonly used senescence marker. As seen in Figure 1c , treated cells displayed much stronger staining than control cells, along with enlarged flattened morphology. Thus, epigenetic therapy can drive lung cancer cells towards senescence. The ability of senescent cells to induce and maintain cell cycle arrest is largely based on suppression of the E2F transcription factor by active Rb tumor suppressor protein. 17 Indeed, whereas control A549 cells expressed abundant phospho-Rb, indicative of its inactivation, 5′aza+TSA-treated cells displayed only dephosphorylated, presumably active Rb (Supplementary Figure S1A) . Furthermore, senescent cells produce inflammatory cytokines, a phenomenon known as Senescence-Associated Secretory Phenotype. 16 Indeed, 5′aza+TSA-treated cells expressed significantly elevated mRNA levels of IL-6, a Senescence Associated Secretory Phenotype component (Supplementary Figure S1B) .
Although TSA is widely employed for research, it is not in clinical use. The HDAC inhibitor Vorinostat (SAHA) is approved for treatment of cutaneous T-cell lymphoma, and is presently in clinical trials for lung cancer. 18 As seen in Supplementary Figure S2D , the cell cycle effects of 5′aza +SAHA resembled those of 5′aza+TSA. Figure 1 5′aza+TSA treatment of A549 cells promotes apoptosis and senescence and inhibits migration. (a) A549 lung cancer cells were treated with a combination of 1 μM 5′aza+0.1 μM TSA for 72 h. Next, 40 ng/ml cisplatin (cis) was added for an additional 48 h and cells were subjected to cell cycle analysis by flow cytometry, n = 3. (b) A549 cells were subjected to three 96-h cycles of 5′aza+TSA or acetic acid as control. Cycles were separated by 48 h of cultivation in regular medium. At the end of the treatment, cells were seeded in transwells and migration was measured every 15 min in a Real Time Cell Analyzer (see Materials and Methods). Bars represent mean ± S.D. of duplicates in the same experiment, n = 2. (c) Representative images of β-gal staining. A549 cells were treated as in (b) and then subjected to β-gal staining 5′aza+TSA treatment induces expression of two chromosome 19 miR clusters. A549 cells treated with 5′aza+TSA and/or cisplatin were subjected to miR profiling. Twenty-nine miRs were strongly upregulated (variance40.2) by 5′aza+ TSA (Figure 2a ). Another 32 miRs were downregulated (variance40.2), perhaps via an indirect mechanism involving induction of transcriptional repressors (Supplementary Table  S1 ). Notably, 14 of the 29 (P = 2.51 × 10 − 9 ) strongly induced miRs belong to two miR clusters, the C19MC cluster and the miR 371-373 cluster, both on chromosome 19. The array included probes for 32 miRs residing within these clusters; 31 of the 32 miRs were upregulated at least to some extent by 5′aza+TSA (Figure 2b ).
5'aza+TSA+cis
C19MC is a primate-specific cluster comprising 46 tandemly repeated miRs. 19 It is epigenetically suppressed in human gastric cancer cell lines, and expression of several of its resident miRs was restored by 5′aza treatment. 19 The miR 371-373 cluster, expressed in human embryonic stem cells, is involved in stem cell pluripotency. 20 We subsequently chose to focus on one representative of each cluster: miR-512-5p (miR-512), belonging to the C19MC cluster, and miR-373. qRT-PCR analysis confirmed that miR-512 and miR-373, both nearly undetectable in A549 cells, were highly induced by 5′ aza+TSA (Figures 2c and d) . Cisplatin partly reduced the levels of both miRs, which nevertheless remained greatly elevated. Conceivably, these miRs cooperate with canonical cisplatin-induced proapoptotic genes such as Bax and CD95 (Supplementary Figure S2A) to augment apoptosis. We propose that combining cisplatin together with 5′aza+TSA provides a setting where both the miRs and the proapoptotic protein-coding genes are upregulated concurrently, maximizing their joint contribution to apoptosis (Figures 2c and d and Supplementary Figure S2A) . 5′aza+TSA treatment upregulated strongly the levels of the primary transcripts (pri-miRs) of miR-512-1 and miR-373 (Supplementary Figure S2B and S2C), arguing that induction of those miRs occurs at the transcriptional level. Curiously, primiR-512-2 was not induced by 5′aza+TSA (data not shown). Like 5′aza+TSA, 5′aza+SAHA also induced miR-512 and miR-373 (Supplementary Figure S2D) . Induction of both miRs was observed also in other lung cancer cell lines (Supplementary Figure S3A) . Remarkably, those miRs were not induced to a comparable extent in human bronchial epithelial cells (HBECs) immortalized by hTERT/Cdk4 expression (Figure 2e ) or in non-transformed MRC5 fetal lung fibroblasts (Supplementary Figure S3A) , raising the interesting possibility that in non-cancerous cells, the reversal of epigenetic marks may not suffice to reestablish efficient expression of at least some silenced miRs. Induction of both miRs, albeit to a lesser extent, was observed also in HCT116 (colorectal carcinoma), HeLa (cervical cancer) and SK-MEL-5 (melanoma) cells (Supplementary Figure S3B) .
The C19MC cluster is located approximately 17.6 Kb downstream to a CpG-rich region harboring 86 CpG dinucleotide pairs, previously identified as the C19MC promoter region. 19, 21 The miR-371-373 cluster is also located downstream to a CpG-rich region identified as part of the miR-373 promoter. 22 To determine whether the putative promoter regions of miR-512 and miR-373 are hypermethylated in A549 cells and whether methylation declines following 5′aza +TSA treatment, genomic DNA from treated and control A549 cells was subjected to bisulfite conversion, followed by amplification of CpG-rich regions of interest and pyrosequencing. As the CpG island of C19MC is long, we employed two different primer sets to amplify it. As seen in Figure 2f , 5′aza +TSA decreased significantly the methylation of all three regions examined. A similar decrease was also observed following combined treatment of 5′aza+TSA together with cisplatin, whereas cisplatin alone had no effect, as expected (Supplementary Figure S3C) . Of note, a moderate decline in methylation of a miR promoter suffices to induce its reexpression. 19 Hence, the partial reversal of methylation is probably sufficient to allow re-expression of the miRs populating the two chromosome 19 clusters.
Exosomes are small membrane vesicles of endocytic origin released by cells into their surroundings, which may play a role in cell-cell communication. 23, 24 Notably, miRs are part of the exosome cargo, and exosome release is elevated in cancer cells. 24 As shown in Figure 2g , 5′aza+TSA caused a considerable increase in exosomal miR-512 and miR-373.
Together, these results imply that miR-512, miR-373 and their associated miR clusters are silenced by promoter hypermethylation in cancer cells, their expression and secretion being considerably induced upon reversal of epigenetic silencing.
5′aza+TSA treatment attenuates tumor growth. To assess the impact of epigenetic treatment on tumor growth, we employed H460 lung cancer cells stably expressing firefly luciferase. In these cells, too, 5′aza+TSA induced both miR-512 and miR-373, albeit to different extents (Figure 3a MicroRNA reactivation in lung cancer S Adi Harel et al injection retained elevated levels of both miR-512 and miR-373 (Figures 3d and e) . Thus, prior 5′aza+TSA treatment efficiently attenuates tumor growth, probably by eliciting long-term modifications in gene expression.
Re-expression of miR-373 or miR-512 induces cancer cell death and inhibits migration. To determine whether the re-expression of miR-373 or miR-512 can recapitulate the effects of epigenetic treatment, A549 cells were transfected with the corresponding miR-mimics. Following cisplatin treatment of some cultures for 48 h, cell cycle analysis was performed ( Figure 4a ). Although overexpression of each miR alone did not cause a detectable change in cell death, both miRs elicited a moderate increase in cisplatin-induced cell death. Thus, the re-expression of these miRs augments cisplatin cytotoxicity.
Next, colony-formation analysis was performed. Notably, miR-512 overexpression considerably inhibited colony formation, whereas miR-373 had no detectable effect (Figure 4b ). Furthermore, BrdU incorporation analysis revealed that miR-512 significantly reduced replicative DNA synthesis, whereas miR-373 had an insignificant stimulatory effect ( Figure 4c ). Lastly, both miR-512 and miR-373 significantly reduced A549 cell migration (Figure 4d ). Thus, reactivation of miR-512 and miR-373 can exert a variety of inhibitory effects in lung cancer cells.
Identification of miR-512 and miR-373 target genes. To identify relevant target mRNAs, we subjected control and 5′ aza+TSA-treated samples to gene expression array analysis. As anticipated, many mRNAs were upregulated following epigenetic treatment (Supplementary Figure S4A) . Additionally, many other genes were downregulated; this might be due, at least in part, to inhibition of some mRNAs by the reexpressed miRs, including miR-373 or miR-512. One downregulated gene was Integrin α11 (ITGα11), overexpressed in more than 80% of non-small cell lung cancer cases. 25 Integrins mediate cell-matrix interactions, stimulate signal transduction, and contribute to cancer cell proliferation, motility and survival. 25 Remarkably, miR-373 overexpression significantly reduced ITGα11 mRNA (Supplementary Figure  S4B) . Hence, ITGα11 mRNA may be a direct miR-373 target.
Unexpectedly, miR-512 overexpression actually increased ITGα11 levels (data not shown).
To identify more definitively relevant miR-512 and miR-373 targets, A549 cells transfected with miR-512, miR-373 or control oligos were subjected to expression profiling. A total of 1437 and 1197 genes were downregulated at least 1.2-fold following overexpression of miR-512 and miR-373, respectively (Figure 5a ). Reassuringly, many of these are predicted (PITA, TargetScan, miRanda) targets of the pertinent miR (Figure 5b ). Several known miR-373 targets such as Lats2, CD44 and TGFβR2 [26] [27] [28] were also downregulated to different extents in our profiling, strengthening its validity. A total of 488 of the genes downregulated by miR-373 are predicted targets of that miR ); these genes were enriched for apoptosis, pathways in cancer and focal adhesion (FDRo10%, Figure 4b right panel). 29, 30 Likewise, 429 of the genes downregulated by miR-512 are predicted targets of that miR (P-value = 3.96 × 10 − 13 ), and these were enriched for DNA replication and cell cycle (FDRo10%, Figure 4b left panel), in agreement with the reduced proliferation of miR-512-overexpressing cells (see Figures 4b and c) .
One of the genes downregulated by miR-373 and predicted to be targeted by it was RelA (p65), member of the NF-κB family. The NF-κB transcription factor is involved in diverse processes such as inflammation, cell survival, migration and invasion. 31 Many tumors, including lung cancers, upregulate NF-κB activity. 31, 32 Indeed, miR-373 overexpression caused a significant decrease in RelA mRNA (Figure 5c ) and protein (Figure 5d ), confirming an earlier report. 27 To probe whether the interaction between miR-373 and RelA mRNA is direct, as predicted (Supplementary Figure S6A) , biotinylated miR-373 was transfected into cells, which were then lysed and the miRmRNA complexes were captured on streptavidin beads, followed by analysis of the bound mRNA. 33 As shown in Figure 5e , RelA mRNA was significantly enriched in the biotin-miR-373 pulldown, implicating RelA as a direct miR-373 target. ) were subjected to western blot analysis of RelA and GAPDH proteins, n = 3. (e) A549 cells were transfected with 100 nM biotinylated miR-373 (bio-373) or biotinylated miR-con (bio-con) and harvested 48 h later for pulldown analysis (see Materials and Methods). Pulled-down (PD) mRNA levels were normalized to GAPDH mRNA in the same sample and to input mRNA. Bars represent mean ± S.E. of four independent experiments, *P-valueo0.05
miR-373
As miR-373 overexpression augmented cisplatin-induced apoptosis, we wished to assess whether this might be partially explained by RelA inhibition. Indeed, siRNA-mediated RelA downregulation elicited a significant increase in cisplatininduced apoptosis (Supplementary Figure S5) , suggesting that at least some of the apoptotic effect of excessive miR-373 may be due to RelA inhibition. miR-373 targets PIK3CA. One transcript downregulated by miR-373 overexpression was PIK3CA, encoding the catalytic subunit of PI3 kinase class Ι, also validated by qRT-PCR (Figure 6a) . Furthermore, miR-373 overexpression caused a reduction in PIK3CA protein (Figure 6b) . Notably, PIK3CA is a predicted miR-373 target (Supplementary Figure S6B) . PI3K family members catalyze phosphorylation of phosphatidylinositol lipids at the 3′ position of the inositol ring, producing second messengers that regulate cell growth, survival and motility. 34 The repressive effect of miR-373 was exerted also on a luciferase reporter plasmid harboring the PIK3CA-3′UTR (Figure 6c) , and PIK3CA mRNA was significantly enriched by biotin-miR-373 pulldown (Figure 6d ). Both these findings strongly suggest that miR-373 targets directly the PIK3CA transcript.
PI3K activity results indirectly in augmented phosphorylation of the Akt/PKB kinase, promoting enhanced proliferation, survival, metabolism, protein synthesis and more. 35 In agreement, miR-373 overexpression reduced Akt phosphorylation without affecting the overall amount of Akt (Figure 6e ). Figure 5e . Bars represent mean ± S.E. of five independent experiments, *P-valueo0.05. (e) A549 cells were transfected with miR-con or miR-373 mimic oligos and subjected to serum starvation for 20 h, followed by treatment with 10 ng/ml insulin for 10 min. Cells were harvested and subjected to western blot analysis of total Akt1, phosphorylated Akt (pAkt) and GAPDH, n = 2 Activation of the PI3K/Akt pathway confers chemotherapy resistance. 35 Therefore, inhibition of PIK3CA may contribute to the enhanced death of A549 cells upon combined treatment with miR-373 and cisplatin. miR-512 targets TEAD4. One of the genes downregulated by miR-512 overexpression was TEAD4 (Figure 5a ), a predicted miR-512 target (Supplementary Figure S6C) . Downregulation was validated at both RNA and protein levels (Figures 7a and b) . Moreover, luciferase reporter analysis confirmed that the inhibition by miR-512 is mediated via the 3′ UTR of TEAD4 mRNA (Figure 7c) . Likewise, biotin-miR-512 pulldown yielded a considerable enrichment of TEAD4 mRNA (Figure 7d) , indicative of direct targeting by miR-512. TEAD4, along with other TEAD family members, mediates the activity of the transcriptional co-activator YAP, a positive regulator of cell proliferation and cell growth and a putative protooncogene. 36 To determine whether miR-512 affects TEAD4 transcriptional activity, we utilized a luciferase reporter plasmid containing eight tandem TEAD consensus binding site repeats. Indeed, miR-512 overexpression repressed TEAD-dependent transcriptional activity (Figure 7e ). As the YAP-TEAD interaction promotes cell proliferation, 37 downregulation of TEAD4 may contribute to the antiproliferative effect of miR-512 (see Figures 4b and c) .
CTGF is a secreted protein whose expression is induced by YAP-TEAD4 transcriptional activity to promote proliferation. 37 Indeed, CTGF mRNA was significantly downregulated upon miR-512 overexpression (Figure 7f) .
In sum, our findings imply that re-expression of miR-512, miR-373 and their cluster-mates can attenuate tumorpromoting processes in lung cancer cells, partly via targeted inhibition of ITGα11, RelA, PIK3CA and TEAD4 (Figure 8 ). This inhibition might underpin some of the observed biological effects of the epigenetic treatment.
Discussion
The fact that the promoter regions of numerous tumorsuppressive genes are methylated in lung cancer, along with the high expression of DNA methyltransferase proteins often observed in such tumors, 38 provide a rationale for using DNA methylation inhibitors, alone or in combination with HDAC inhibitors, for lung cancer treatment. However, past studies with such agents were associated with extensive toxicity and minimal efficacy. 39, 40 Hence, it is crucial to obtain better insight into their mode of action in order to increase efficacy and reduce non-specific toxicity.
Here, we demonstrate that the inhibition of DNA methylation and histone deacetylation sensitizes lung cancer cells to cisplatin-induced cell death, extending earlier reports of cytotoxic synergy between epigenetic unsilencing and cisplatin in cancer cells. 41, 42 Furthermore, this 'epigenetic therapy' induces cancer cell senescence and attenuates cell migration. In agreement with these tissue culture effects, epigenetically treated cells display reduced tumorigenic potential in vivo, likely underpinned by epigenetic memory and retention of the alterations elicited by the treatment long after its actual cessation. We further provide evidence that the epigenetic treatment reactivates numerous miRs, mostly residing in chromosome 19, whose expression is effectively silenced in the untreated cancer cells. Notably, overexpression of miR-512 and miR-373, representative members of this large group, partly recapitulates the biological effects of the epigenetic treatment, suggesting that induction of those miRs may contribute to the observed inhibitory effects. In line with our results, profiling of miR expression in 357 stage I non-small cell lung cancer patients identified miR-512 as an indicator of good prognosis. 43 High miR-512 expression was associated with better prognosis regardless of cancer subtype. In addition, miR-512 was predictive of better relapse-free survival of lung adenocarcinoma patients. We also identify several new direct targets of miR-512 and miR-373, whose downregulation upon unsilencing of those miRs may play a role in the various phenotypic manifestations of the epigenetic treatment. Conceivably, a similar impact on miR reactivation and target mRNA inhibition may facilitate the anti-tumoral effects of combined DNA methyltransferase plus HDAC inhibition in cancer patients.
A recent study, published while this manuscript was under review, also described the epigenetic silencing of miR-373 in A549 cells. 44 However, although we observe that 5′aza alone but not TSA alone suffices to induce miR-373 (data not shown), consistent with a pivotal role of DNA methylation in silencing the corresponding miR cluster, Seol et al. 44 reported the opposite that induction of miR-373 occurs only upon TSA treatment but not 5′aza treatment. The reason for this apparent discrepancy is presently unclear. Tumor suppression methylation Figure 8 Schematic representation of the regulatory process proposed in the study. In lung cancer cells, the CpG islands in the vicinity of C19MC (including miR-512) and the miR-371-373 cluster (including miR-373) are highly methylated leading to reduced expression of those miRs and contributing to enhanced proliferation and migration. Treatment with 5′aza+TSA reduces CpG island methylation, causing re-expression of the silenced miRs. This leads to induction of apoptosis and inhibition of proliferation and cell migration, and may thereby suppress tumor malignancy. These biological outcomes are partially mediated by inhibition of ITGα11, RelA and PIK3CA by miR-373, and of TEAD4 by miR-512
Interestingly, induction of miR-512 and miR-373 by 5′aza+ TSA was observed to varying extents in many human cancer cell lines but less so in non-transformed MRC5 and HBECs. It is tempting to speculate that the lock on expression of the chromosome 19 miR clusters is tighter in normal cells, involving more than just DNA methylation and histone deacetylation, and thus additional mechanisms may be involved in silencing these clusters in such cells. Notably, Liang et al. 45 found that almost twice as many genes were induced by 5′aza in human cancer cells as compared with fibroblasts. Likewise, sodium butyrate (HDAC inhibitor) was found to affect the expression of androgen receptor coregulators only in prostate cancer cells but not in normal prostate cells. 46 These observations are encouraging as they imply that epigenetic therapy might induce genomewide erasure of gene silencing preferentially in tumor cells, reducing the likelihood that such treatment would lead to massive inappropriate gene activation in normal tissues. Yet, it should be kept in mind that the impact of the epigenetic treatment can differ between tumors, and although it could benefit some patients, it might also cause adverse tumor-supportive effects in others. 47 Thus, better criteria for stratifying candidates for epigenetic therapy are strongly needed.
The C19MC and miR-371-373 clusters are located 25 Kb apart on chromosome 19. The picture regarding the biological roles of those miRs and particularly their association with cancer is rather complex. Although the C19MC is silenced by promoter methylation in many cell lines, 19 it is activated together with the miR-371-373 cluster in a subgroup of thyroid adenomas, owing to chromosomal rearrangements. 48 miR-373 was identified by Agami and coworkers 28 as a potential oncogene in testicular germ-cell tumors, partly by targeting the Lats2 tumor suppressor. Later, the same group showed that it promotes breast cancer cell invasion and metastasis by targeting CD44. 26 Furthermore, miR-373 and miR-372 can engage in an oncogenic feedback loop with members of the Wnt/β-catenin pathway. 20 However, although these reports imply that miR-371-373 possess oncogenic activities, other studies reveal that they can display tumorsuppressive features, 22, 27, 44, 49 as observed also here. This dichotomous behavior of miR-373 and other chromosome 19 miRs is not unusual. In fact, there is a growing number of examples where the same miR may have opposing roles in tumorigenesis, depending on the cellular context: the impact of such miRs on cancer is thus context-dependent. 50 In conclusion, our findings offer insights into the contribution of miRNA unsilencing to the epigenetic therapy of lung cancer, and suggest that miRNAs of the chromosome 19 clusters may exert context-dependent anti-tumoral effects on lung cancer cells and may thus be considered as potential therapeutic agents in particular types of cancer.
Materials and Methods
Cell culture and chemicals. Cell lines were maintained at 37°C in a 5% CO 2 humidified incubator. A549, H460, HCT116, HeLa and HepG2 cells were grown in DMEM medium (Biological Industries, Kibbutz Beit-Haemek, Israel) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO-BRL, Grand Island, NY, USA) and antibiotics (Biological Industries). H1299, H661, COR-L23 and SK-MEL-5 cells were grown in RPMI (Biological Industries) supplemented with 10% heat-inactivated fetal bovine serum and antibiotics. MRC5 cells were grown in Minimal Essential Medium (Biological Industries) supplemented with 10% non-heatinactivated fetal bovine serum, MEM-Eagle's nonessential amino acids, sodium pyruvate, L-glutamine and antibiotics. HBECs immortalized with hTERT+Cdk4 51 were grown in keratinocyte serum-free medium (Invitrogen, Grand Island, NY, USA) supplemented with 50 μg/ml bovine Pituitary extract and 5 ng/ml hEGF (Invitrogen). 52 5′aza-deoxycytidine (5′aza; MP Bio-Med, Santa Ana, CA, USA) was dissolved in acetic acid:H2O. Unless mentioned otherwise, cells were treated with 1 μM 5′aza for 24 h. 0.1 μM TSA (Sigma Aldrich, St. Louis, MO, USA) was then added for an additional 48 h, and medium was replaced daily. Cisplatin (cis) was applied to the cells for 48 h at a final concentration of 4 μg/ml. Vorinostat (SAHA) was purchased from Selleck Chemicals (Houston, TX, USA).
Transfections. For siRNA or miR-mimics oligonucleotide transfections, Dharmafect 1 reagent (Dharmacon, Lafayette, CO, USA) was used according to the manufacturer's protocol. RelA siRNA was purchased from Dharmacon as Smartpool. Mature miR-mimic oligonucleotides and biotinylated mature miR-mimics were purchased from Dharmacon. For DNA transfections, JET-PEI reagent (PolyPlus, Illkirch, France) was used according to the manufacturer's protocol. A synthetic TEAD luciferase reporter (8XGTIIC-lux) was purchased from Addgene (Cambridge, MA, USA). pRL-TK (Renilla) was from Promega (Nacka, Sweden).
Cell cycle analysis. Cells were trypsinized, combined with floaters, washed once with ice-cold PBS, fixed in cold methanol for no less than 30 min, washed, rehydrated and resuspended in PBS containing 50 μg/ml propidium iodide and 50 μg/ml RNase A. Samples were analyzed in an LSRΙΙ (Becton Dickinson, Franklin Lakes, NJ, USA) flow cytometer.
Western blot analysis. Western blot analysis was performed as described. 53 For detection of pAkt and total Akt, cells were incubated for 20 h with medium supplemented with 0.5% serum, and then treated with 10 ng/ml insulin (Sigma Aldrich), harvested in sample buffer, boiled and sonicated for 5 min.
The following antibodies were used: GAPDH (Millipore, Billerica, MA, USA), RelA (Santa Cruz, Santa Cruz, CA, USA), PIK3CA (Santa Cruz), pRb (BD Pharmingen, San Jose, CA, USA), β-tubulin (Sigma Aldrich), Akt1 (Cell Signaling Eldan Ltd., Petach-Tiqva, Israel), pAkt ser473 (Cell Signaling Eldan Ltd.) and TEAD4 (Abcam, Cambridge, UK). Quantification of bands were performed using Image J software (NIH).
RNA isolation and quantification. Total RNA was isolated with a mirVana miRNA isolation kit (Invitrogen). For quantitative reverse transcriptase PCR (qRT-PCR), 1.5 μg aliquots of RNA were reverse-transcribed using Moloney murine leukemia virus reverse transcriptase (Promega) and random hexamer primers (Amersham, Pittsburgh, PA, USA). qPCR was performed with SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) in a StepOnePlus instrument (Applied Biosystems). The sequences of the qRT-PCR primers: GAPDH 5′GTCG GAGTCAACGGATTTGG'3, 5′AAAAGCAGCCCTGGTGACC'3; IL-6 5′AGCCCTGA GAAAGGAGACATGTA'3, 5′TCTGCCAGTGCCTCTTTGCT'3; ITGα11 5′GCAC CCCATTTCCAAACAAC'3, 5′ACCGCCTCTCATCCATGGT'3; RelA 5′CTCCGCG GGCAGCAT'3, 5′TCCTGTGTAGCCATTGATCTTGAT'3; TEAD4 5′CAAGCAGGT GGTGGAGAAAG'3, 5′ATGTACTCACAGAGCGGGGA'3; CTGF 5′GCAGAGCCG CCTGTGCATGG'3, 5′GGTATGTCTTCATGCTGG'3; PIK3CA 5′AGGTCTTGA TCTTCGAATGTTACCTT'3, 5′ATTTCGCACCACCTCAATAAGTC'3; Bax 5′TGAGC AGATCATGAAGACAGGG'3, 5′GCTCGATCCTGGATGAAACC'3; CD95 5′TGAC ACTGGCAAAACAATGCA'3, 5′GGTCCTTTTCACCAGCAAGCT'3.
For miR qPCR, reverse transcription and qPCR analysis were carried out with TaqMan MicroRNA assays (Applied Biosystems) according to the manufacturer's protocol. For primiR qPCR, RNA was first treated with 'TURBO DNase' (Applied Biosystems) and then subjected to reverse transcription. qPCR was performed using TaqMan Pri-MiRNA assays (Applied Biosystems) according to the manufacturer's protocol. miR microarray and mRNA expression array analysis. miR profiling was performed with the following conditions: si-con, si-con+cis, si-con+5′aza+TSA, si-con+5′aza+TSA+cis, si-p53, si-p53+cis, si-p53+5′aza+TSA, si-p53+5′aza+TSA +cis, each in two biological replicates (total of 16 arrays) employing the Agilent (Santa Clara, CA, USA) platform. All arrays were normalized together using a Lowess multi-array algorithm. MiRs that were undetected in all samples (according to GeneView flags) were removed and all values lower than 10 (linear scale) were considered below detection and thresholded to 10. Duplicate samples were averaged to reduce noise, except for one condition (si-con+cis) for which one sample was excluded owing to a defective array. mRNA expression analysis of si-control and si-p53 cells with or without 5′aza-TSA treatment was performed in triplicate, employing Affymetrix exon arrays (Santa Clara, CA, USA). mRNA expression data were analyzed as described. 54 Briefly, the Affymetrix Expression Console was used for summarization, and then all arrays were log2-transformed, normalized together, using a Lowess multi-array algorithm and tresholded at 4 (log2 scale). Annotation and signal-based information was used to define exonic and intronic probe-sets. As there was a strong batch effect between the biological triplicates, we did not average the samples from each condition together, but instead found the differentially expressed genes in each biological replicate alone (absolute fold change 4 = 1.5) and intersected the lists of the three replicates.
mRNA expression levels of cells transfected with miR-512-5p and miR-373 mimic oligonucleotides or mimic-control oligonucleotides were measured in biological duplicates (for each mimic) by hybridization with Affymetrix Hu-Gene ST 1.0 arrays. Affymetrix Expression Console was used for summarization, and then all arrays were normalized together using a Lowess multi-array algorithm. The data were thresholded at 3 (log 2 scale). Sorting points into neighborhood: This is an unsupervised method for sorting and visualization of multidimensional data. 55 The algorithm iteratively creates an optimal ordering of the objects being studied, such that the distances are small close to the diagonal of the pairwise distance matrix and increase as they move away from it. This ordering allows for finding groups of genes/miRs that display similar expression patterns over a range of samples.
Exosome RNA isolation. The medium of control and treated cells was replaced with serum-free medium for 24 h. The conditioned medium was collected and centrifuged at 3000 × g for 15 min. Exosomes were isolated from the supernatant with ExoQuick-TC kit (SBI, Mountain View, CA, USA) according to the manufacturer's protocol. RNA was isolated and quantified as described above.
Senescence-associated β-galactosidase assay. Cells were washed once with PBS, fixed with 0.5% glutaraldehyde (in PBS. pH 7.4) for 15 min at room temperature, and washed in PBS (pH 6.0) supplemented with 1 mM MgCl 2 . Cells were incubated with X-gal solution (1 mg/ml X-gal (Inalco, San Luis Obispo, CA, USA), 0.2 M K 3 Fe(CN) 6 , 0.2 M K 4 Fe(CN) 6 3H 2 O) for 4 h at 37°C, and then washed with PBS and incubated with 3.7% formalin (in PBS) for 30 min at room temperature. Images were taken using Olympus microscope (Tokyo, Japan). Images were analyzed using CellP software (Diagnostic Instruments, Tokyo, Japan).
Migration assays. Experiments were carried out using an xCELLigence Real-Time Cell Analysis DP instrument (Roche Diagnostics GmbH, Mannheim, Germany), placed in a humidified incubator at 37°C with 5% CO 2 . Initially, 160 μl of medium and 30 μl of serum-free medium was added to the lower and upper chambers of modified 16-well plates (CIM-16, Roche Diagnostics GmbH), respectively, and incubated in the Real Time Cell Analyzer device for 1 h to obtain equilibrium according to the manufacturer's guidelines. Then, background signal was determined with cell-free medium. To initiate an experiment, cells were trypsinized, resuspended in serum-free medium and seeded in the upper chambers (8 × 10 5 cells/chamber). Plates were incubated for 30 min in a laminar flow hood to allow the cells to settle onto the membrane, and then locked in the Real Time Cell Analyzer device. The impedance of each well was automatically measured every 15 min for a total period of 25 h and expressed as Cell Index Value.
BrdU analysis. Cells were pre-labeled with 10 μM BrdU (Sigma Aldrich). After 60 min, cells were trypsinized, collected and fixed with 70% ethanol/HBSS overnight at − 20°C. Fixed cells were denatured in 2N HCl, 0.5% Triton in PBS for 30 min at room temperature and then neutralized with 0.1 M Na 2 B 4 O 7 (pH 8.5), incubated with anti-BrdU antibodies (Becton Dickinson) for 1 h, and resuspended in 50 μg/ml propidium iodide and 50 μg/ml RNase A. BrdU incorporation was analyzed in an LSRΙΙ (Becton Dickinson) flow cytometer.
Colony-formation assay. Twenty-four hours following transfection, cells were trypsinized and re-seeded in 10 cm plates at a density of 3000 cells per plate. For crystal violet staining, plates were washed once with PBS and once with cold methanol and then incubated in crystal violet (0.3% in methanol) for 5 min at − 20°C. Plates were subsequently washed with double distilled water, air-dried and scanned using a Canon scanner (Tokyo, Japan).
Bisulfite pyrosequencing. One microgram of genomic DNA was treated with bisulfite, using an EpiTect Bisulfite kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Primers were designed using the PyroMark Assay Design 2.0 software (Biotage, Uppsala, Sweden). PCR primers for amplification of bisulfite-treated DNA were: miR-373 promoter 5′ATGGAGGAGTTAATTTG TTTTTTGGGTAT'3, 5′AACCTAAATAACAAAACCAAATCCTATCT'3; miR-512 promoter region A: 5′ATGTTGGTTTTAGGTGGTAAAGAA'3, 5′CCCCAATACCAAACTCA CTT'3; miR-512 promoter region B: 5′GGGGTATAGTGGGGGATATATATTGA'3, 5′AAACCAACATCTTAATTCCCTTTTA'3.
PCR amplicons were amplified from bisulfate-treated DNA using Maxima HotStartTaq (Fermentas, Pittsburgh, PA, USA). DNA was extracted with NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL, Duren, Germany). Pyrosequencing reactions were performed on a PyroMark Q24 pyrosequencer (Qiagen) using 2 pmol of the biotinylated purified PCR products according to the manufacturer's instructions. Sequencing primers: miR-373 5′GTTTTTTGGGTATTTTGG'3; miR-512A 5′ GTGGTAAAGAAAGGTG'3; miR-512B 5′GGGGGATATATATTGATTTG'3.
Biotin miR pulldown. The biotinylated-miR pulldown assay was adapted from Lal et al. 33 Briefly, HepG2 cells (1 × 10 6 ) were transfected with 100 nM biotin-control-mimic or biotin-373-mimic oligonucleotides. Forty-eight hours later, cells were trypsinized and resuspended in 1 ml lysis buffer (20 mM Tris (pH 7.5), 100 mM KCl (Ambion, Grand Island, NY, USA), 5 mM MgCl 2 (Ambion), 0.3% NP-40) supplemented with 100 U of RNAsin (Promega) and protease inhibitor cocktail, and incubated on ice for 20 min. The cytoplasmic lysate was isolated by centrifugation at 10 000 × g for 15 min. Streptavidin-coated magnetic beads (Invitrogen) were blocked for 1 h at 4°C in lysis buffer containing 1 mg/ml yeast tRNA and 1 mg/ml BSA (Ambion) and washed twice with lysis buffer. Cytoplasmic lysate was added to the beads and incubated for 4 h at 4°C. Beads were washed five times with lysis buffer. RNA bound to the beads as well as 10% of the extract (input RNA) was isolated using Trizol (Invitrogen) and chloroform (Fisher Scientific, Waltham, MA, USA). Pulled-down mRNA was quantified by qRT-PCR. Values were normalized to GAPDH in the same sample and then to input (cellular RNA without incubation with beads).
Luciferase assays. Cells were plated at a density of 64 × 10 3 in 12-well plates, and transfected 24 h later in triplicate with 20 nM miR-mimics. After an additional 24 h, cells were transfected with 300 ng/well DNA of psiCHECK2 reporter plasmid containing the PIK3CA-3′UTR or the TEAD4-3′UTR downstream to the Renilla luciferase coding region, or with a TEAD-luciferase reporter (8XGTIIC-lux) (300 ng/well) together with pRL-TK control plasmid (20 ng/well). Twenty-four hours later, cells were harvested with the Dual luciferase reporter assay system (Promega) according to the manufacturer's instructions. Luciferase and Renilla bioluminescence were measured in an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).
Mice. Mouse experiments were approved by the Weizmann Institutional Animal Care and Use Committee (IACUC). Procedures were performed under anesthesia (100 mg/Kg Ketamine intraperitoneally; Fort Dodge Animal Health). H460 cells stably expressing luciferase were treated with 5′aza+TSA or with acetic acid, as described above. At the end of the treatment, 3 × 10 6 cells were injected subcutaneously in 50 μl PBS into the hind limb of male CD1 nude mice (Harlan Laboratories, Indianapolis, IN, USA). Procedures involving animals were approved by the Animal Ethics Committee of the Weizmann Institute (Institutional Animal Care and Use Committee) and conformed to the guidelines of the Israel Council for Experiments in Animals.
In vivo imaging. Tumor growth was monitored using the IVIS spectrum bioluminescence imaging system (Caliper Life Sciences, Waltham, MA, USA). Mice were imaged following intraperitoneal injection of 1.5 mg of D-luciferin (Caliper Life Sciences). Measurements were performed when the signal reached maximal plateau. A region of interest was defined for each tumor, and average radiance (p/s/ cm 2 /sr) values were extracted for quantification.
Statistical analysis. Statistical significance was determined using Student's-t test. Po0.05 (*), Po0.005(**) and Po0.0005 (***) were considered as significant (asterisks refer to all figures).
